Advances in computed tomography (CT) imaging are opening new avenues toward more precise characterization and quantification of connective tissue microarchitecture. In the last two decades, micro-computed tomography (microCT) has significantly augmented destructive methods for the 3D micro-analysis of tissue structure, primarily in the bone research field. Recently, microCT has been employed in combination with contrast agents to generate contrast-enhanced images of soft tissues that are otherwise difficult to visualize due to their native radiodensity. More recent advances in CT technology have enabled ultra-high resolution imaging by utilizing a more powerful nano-focused X-ray source, such as that found in nanocomputed tomography (nanoCT) systems. NanoCT imaging has facilitated the expansion of musculoskeletal research by reducing acquisition time and significantly expanding the range of samples that can be imaged in terms of size, age and tissue-type (bone, muscle, tendon, cartilage, vessels and adipose tissue). We present the application and early results of nanoCT imaging in various tissue types and how this ultra-high resolution imaging modality is capable of characterizing microstructures at levels of details previously not possible. Contrast-enhanced imaging techniques to enable soft-tissue visualization and characterization are also outlined.
Introduction
The quantitative three-dimensional (3D) characterization of the compositional and morphological properties of mineralized tissues was revolutionized with the introduction of micro-computed tomography (microCT) imaging and imageanalysis (1) (2) (3) (4) . Following commercialization of microCT systems in the mid-1990s, the characterization of bone by microCT expanded greatly, augmenting conventional histological processing, which is destructive and cost-and timeintensive (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . MicroCT imaging has since reached numerous areas of medicine to facilitate non-destructive, rapid, 3D quantification of morphology and density, both of which are important parameters related to tissue and organ-level homeostasis and for systematically assessing the response to genetic and/or environmental perturbations (15) (16) (17) (18) (19) (20) (21) . However, due to the low X-ray attenuating properties of soft tissues, quantitative tomography-based imaging has generally been limited to highdensity, mineralized tissues. As the majority of connective tissues possess radiodensities at or near that of water, the use of conventional X-ray tomography-based imaging of these tissues has been highly limited. Contrast-enhanced imaging using a large variety of chemical agents is able to address this limitation by increasing the attenuation of specific components of the extracellular matrix (ECM) or cellular structures, thereby widening the range of tissues available for quantification. While some contrast agents simply allow for morphological characterization by raising the equivalent radiodensity of a tissue via simple diffusion or perfusion (22) (23) (24) , other agents are able to provide information about a specific ECM component by exploiting electrostatic interactions between the agent and ECM macromolecule (25, 26) .
However, many important tissue structures are at or below the resolving capabilities of microCT, namely microvasculature, microstructural components of bone and individual cells. Thus, conventional microCT was also limited in its use to cover the entire hierarchical assembly and organization of connective tissues. Lastly, conventional microCT systems had specimen size constraints that made it very difficult, in some cases impossible, to image both small-animal specimens and large-scale human specimens. This limitation prohibited the execution of translational studies between neonatal and mature tissues or between small-animal and human specimens.
The introduction of nano-computed tomography (nanoCT) systems during the past decade has enabled researchers to expand upon the foundation established by the earlier microCT systems. Due to drastically increased power and a nano-focused beam, nanoCT systems are capable of higher resolution, increased signal-to-noise ratio (SNR) and reduced imaging time (27) . Importantly, the nano-focused X-ray beam significantly improved the image quality for samples scanned in the 5-15 micron voxel size range, which is the range most often used by conventional microCT systems. As shown in Figure 1 , decreasing the focal spot size of the X-ray beam reduces peripheral shadowing resulting in a significant improvement in resolution over microCT systems, even for structures reconstructed at comparable voxel sizes. This shift in technology from microCT to nanoCT not only improved upon conventional imaging, but opened the door to imaging small structures, even down to the cellular scale, with markedly improved contrast, as well as imaging large scale structures, such as a human proximal femur. In addition, the nanoCT opens a new avenue for the quantitative analyses of very small structures and cells, such as lacunae voids and osteocytes in cortical bone of both large (human) and small (mouse) samples that are difficult to accomplish with microCT. This article outlines the applications available for imaging a wide range of connective tissues using the nanoCT system.
Methods
Detailed contrast enhancement methods are discussed within their corresponding sections. All specimens were scanned using the nanotom-s nanoCT system (phoenixjx-ray, GE Measurement & Control; Wunstorf, Germany). Imaging parameters were optimized for each specimen to maximize spatial resolution and image contrast. Reconstruction of raw data was performed using Datos.rec (phoenixjx-ray, GE Measurement & Control; Wunstorf, Germany). Threedimensional visualization of the reconstructed images was performed using VGStudio MAX 2.1 (Volume Graphics GmbH, Heidelberg, Germany). The computer used for nanoCT reconstruction is an HP Z820 workstation with two eight-core Intel Xeon E5-2650 v2 at 2.6 GHz processors, 192 GB of memory, a 2 TB hard disk and running Microsoft Windows 7 Ultimate 64 bit operating system. In addition, a Cubix Elite Xpander (Cubix Corporation, Carson City, NV) graphics processing unit is attached, which greatly speeds up the reconstruction program. The computers used for analyses are HP Z800 workstations with dual quad-core Intel Xeon X5672 at 3.19 GHz processors, 128 GB of memory, a 2 TB hard disk, two graphics cards (NVIDIA Quadro 5000 and Telsa CS075 (NVIDIA, Santa Clara, CA)) with a WALCOM graphics monitor, and running Microsoft Windows 7 Professional 64 bit operating system. The following illustrations can be accomplished with other nanoCT systems and are not unique to one scanner. Figure 1 . Image resolution is primarily determined by the focal spot size of the X-ray source. A smaller focal spot size enhances the image resolution (i.e. sharpness and clarity) by decreasing blurriness or ''penumbra effect''. The small focal spot size of the nanoCT (1 micron) clearly shows the advantage with regard to clear edges and almost complete absence of noise compared to the microCT image. In addition, there is greater detail detectability, allowing for the characterization and quantification of less mineralized tissue, for example, around hypertrophic chondrocytes in murine lumbar spine as shown by the arrow in the inset.
Results and discussion

Large sample imaging
MicroCT systems allow researchers to investigate human bone at a microstructural scale compared to conventional computed tomography (CT) systems. Visualizing individual trabeculae using microCT required users to machine cubes of bone from selected regions within metaphyses. Imaging whole human metaphyseal regions was not possible due to the physical space inside the machine (10) . One of the original microCT systems, custom-built at the University of Michigan Orthopaedic Research Labs in the mid-1980s, was capable of scanning an 8 mm cube of human trabecular bone at 50 micron voxel size (10) . Unfortunately, in order to get a higher resolution scan, the size of the sample had to be decreased.
By the early 2000s, van Rietbergen et al. (28) achieved successful microCT imaging of a human proximal femur at 80 micron voxel size, which was a huge advancement in the field for understanding how load is transferred among trabeculae during the single stance phase of walking. However, a single scan took approximately 3 days. Today, advancements in detector technology and sample mounting systems have enabled the imaging of larger samples at much higher resolutions with decreased scanning times in nanoCT compared to microCT systems. The detector is mounted on a rail system in order to allow movement to different horizontal positions, thereby increasing the overall field of view (FOV). Using this feature, a standard 12 cm Â 12 cm detector can move to multiple positions to create a virtual 12 cm Â 36 cm detector (27) . Utilizing this feature, we have been able to image cross-sections of human diaphyseal bone at 5 microns and clearly visualize and quantify the intracortical porosity ( Figure 2 ). In addition to the virtual detector, another feature that increases the FOV for scanning is the ability to stitch images in the vertical direction (''multi-scan'' mode). The sample can be moved vertically while the machine runs multiple scans along the height of the specimen. During reconstruction, a stitching algorithm seamlessly reconstructs multiple scans into a single 3D reconstruction, without the need for external sample reference points. By combining the virtual detector and multi-scan features, we can scan an entire human proximal femur at a 27 micron voxel size in 9 h ( Figure 3A ). Cubes of bone can now be virtually extracted without sectioning the bone, thereby allowing the bone to be used for other tests, such as mechanical loading. Lastly, the nanoCT has a powerful tube with a maximum voltage of 180 kV and output power of 15 W. This allows researchers to image different samples, from a very fine butterfly to a 20 million-year-old fossilized hominoid proximal femur (29) , with the ability to appreciate the internal trabecular arcades (Figures 4 and 5 ).
Small sample imaging
Phenotype characterization via CT has become commonplace in bone research (30) and more recently has become useful in connective tissue research (31) (32) (33) . In bone, these data have helped quantify morphology as well as calibrated density measurements of both cortical and trabecular bone volumes. Many studies have shown success in the quantification of intra-cortical porosity in humans (34, 35) and some success in animal models, such as rats (36) (37) (38) (39) , but as of yet few studies have used microCT to successfully quantify the small intra-cortical porosity in mice (40) . The microstructure of mouse bone (i.e. porosity and lacunae voids) has been a challenge to quantify because of the limitation in resolution and contrast capabilities of microCT. Therefore, many scientists have continued the painstaking work of histology or have opted for a less time consuming and more precise alternative, such as synchrotron imaging technology (41, 42) . Synchrotron imaging quality is exceptional; however, sample size and availability are limited.
The development of nanoCT has the potential to alleviate some of these issues. NanoCT can resolve intra-cortical porosity, both small and large in mouse femora because of better resolution and a more powerful X-ray source. For example, a 4 mm section of the diaphysis of a single mouse femur can be scanned quickly and easily at 1.55 micron voxel size. Additionally, a thin-walled tube made of acrylic makes it possible to image femora (as well as other long bones and vertebrae) while in isotonic or fixative solutions to ensure that the specimen can be used for subsequent analysis and testing ( Figure 6A ). The high resolution scanning protocol employed to scan a single mouse femur can be used in conjunction with the multi-scan, multiple detector position and software stitching capabilities of the nanoCT. This unique combination of hardware and software enables the examination of an entire mouse femur at a voxel size sufficient to quantify large and small vascular channels. If specimens do not need to be preserved for subsequent analysis, they can be dried and scanned with nanoCT to resolve even more detailed microstructure (i.e. lacunae voids and calcified cartilage) as shown in the cross-sectional image in Figure 6 (B). The dry bone scanned in air provides for better contrast between bone and background and therefore greater detail-detectability.
Contrast-enhanced imaging of vasculature via perfusion
The resolution capabilities and addition of contrast agents open the utility of nanoCT to endless research programs and diverse research questions. For example, perfusion of the vascular system with radiopaque material for radiographic analysis was frequently done in the 1950s and 1960s in canine and murine models to characterize the vascularity of bone and to assess angiogenic activity within fracture calluses (43) (44) (45) (46) (47) (48) (49) . These studies often used finely-divided barium sulfate (51 mm) suspended in formalin as the perfusate. Inserting a catheter into the left ventricle of the heart, the blood was first drained from the chosen animal via the right atrium of the heart using saline, and then replaced with the radiopaque suspension (50) . The perfusate should be administered at the same physiological rate as the animal's blood circulation using a suspension that matches the viscosity and osmolality of blood (47) . After successful perfusion, large portions of bone could be longitudinally or transversely sectioned and imaged with high-energy plain film X-rays, creating an angiogram (46, 49) . With the addition of perfusion, microCT is able to visualize large blood vessels outside of the bone in 3D, but has yet been able to visualize small blood vessels inside the cortical bone without decalcification. In combination, nanoCT and perfusion have opened the door to high resolution 3D imaging of intra-cortical vascularity ( Figure 7C -D). We can use the same perfusion methodology to three-dimensionally visualize whole-body and connective tissue vasculature with nanoCT ( Figures 7A-B and 8 ). Moreover, by adding India ink to the perfusate we can histologically validate that all vessels were successfully perfused.
Contrast-enhanced imaging of muscle and tendon
Phosphomolybdic acid (PMA) is one of many histological stains that have been commonly used in the last several decades. PMA contains molybdenum, a high atomic number (42) transition metal, which confers high attenuation in CT when attached to biological soft tissues. According to Everett and Miller (51), PMA enables contrast enhancement of soft tissues via binding of anionic groups of the polyacid to tissue cationic centers. PMA interacts with collagen, a protein that is ubiquitously incorporated into connective tissues, by binding to the basic groups found in this structural protein (52) .
To date, contrast enhanced microCT imaging of muscle has been limited to a few contrast agents, namely those containing inorganic iodine. Iodine potassium iodide (I 2 KI) has been described as a contrast-enhancing agent to visualize skeletal muscle (53) (54) (55) , myocardial tissue (54, 56) , rodent masticatory musculature (57-59), alligator jaw muscles (60), pectinate muscles of the heart (61), avian muscle anatomy (62, 63) , and muscular morphology of insects, fish and other invertebrates (22, 23) . Another contrast agent that has been recently applied to connective tissue imaging is phosphotungstic acid (PTA). Metscher (22) demonstrated effective muscle fiber staining in small embryonic vertebrates and invertebrates with PTA. However, PTA is a large molecule and requires extended staining times for appropriate diffusion. For example, a 12-hour immersion is needed to stain specimens 2-3 mm thick, thus limiting its use to specimens less than 1-2 cm 3 (22) . Alongside PTA and I 2 KI, PMA has been briefly explored as a possible microCT contrast agent. Pauwels et al. (64) evaluated several metal-containing compounds that demonstrated marked contrast enhancement. Of these, PMA and a few others gave the best relative contrast among connective tissues, muscle and adipose tissue. They also measured contrast agent penetration depth by determining the distance the contrast agent had diffused into the tissue using a software-based tool, and tested whether the contrast agent remained bound in the tissue after re-immersion in water for four days. In PMA samples, structures within the muscle tissue were visually discernible and PMA enabled visualization of individual muscle fascicles. PMA also allowed for clear visualization of the patellar tendon. Lastly, PMA remained fixed in the tissue for several days, affording the advantage of being able to image samples that must remain immersed in liquid for extended periods of time (64) . Other studies involving contrast-enhanced imaging using PMA are limited, and Golding presents the only other work involving the use of PMA, but only for small invertebrate samples (65, 66) .
We sought to employ PMA-based contrast enhancement to discern muscle, tendon and bone. Generally speaking, contrast enhancing techniques should enable the segmentation of several tissues simultaneously by separating their relative density spectra. We determined the optimal concentration and incubation time of PMA to visualize musculo-tendinous constructs, delineating between the muscle and the tendon in the mouse knee joint and rotator cuff. The ultimate application of this imaging technique can enable quantitative determination of morphological changes of multiple tissues simultaneously due to pathology, injury or healing.
After sacrifice, the construct consisting of the humerus, scapula, the four attached rotator cuff musculo-tendinous units and coracoacromial (CA) arch was harvested from mouse limbs. Specimens were fixed in 10% neutral-buffered formalin (NBF) for 24 h and then stored in 70% ethanol until staining. Specimens were immersed in an aqueous solution of 1% w/v PMA (Sigma-Aldrich Inc., St Louis, MO) for four days. The four-day immersion is sufficient in staining the entire sample with little to no artifacts, from what we can presently see. Each specimen was removed from the staining solution, rinsed with distilled water, and imaged by nanoCT. Our results show that PMA staining allows clear delineation of the supraspinatus tendon and muscle and their attachment sites ( Figure 9 ); thus, we can easily extract the muscle or tendon of interest for quantitative analysis. In this example, we have contoured a region of interest around the supraspinatus muscle and tendon, and measured their volumes to be 37.91 and 0.1891 mm 3 , respectively.
In addition, PMA can be used for small (e.g. mouse heart, kidney) and large samples (e.g. entire mouse limbs with all muscles intact), with diffusion time dependent on sample size. A limitation of contrast-enhancement is the need to wait for diffusion to reach equilibrium. If not, diffusion artifacts may be present in the image. This would therefore fall under a time limitation since some samples need up to several days of incubation. The PMA stain remains fixed in the tissue for at least one month, thus imaging can be delayed after incubation, which can be critical when handling large sample numbers that cannot be imaged immediately. In addition, the PMA-stained tissue is less likely to shrink or expand during scanning because the PMA will not diffuse out in the scanning media, ultimately reducing the incidence of motion artifacts.
More recent studies have successfully replicated these methods in the mouse patellar tendon, yielding a clearly defined tibial insertion, which was successfully used to generate a mesh for finite element analysis (FEA) at this complex interface ( Figure 10) . These results support that the generated detailed 3D reconstructions of muscle and other connective tissue can be adapted for further computational analysis, such as FEA. Furthermore, PMA can be successfully applied to other connective tissues ( Figure 11 ) and when combined with vascular perfusion, imaging of two types of tissues simultaneously is now possible (Figure 12 ). In addition to allowing clear distinction among different tissue types, PMA allows for the quantitative characterization of muscle morphology, such as fascicle length, muscle volume, crosssectional area, fiber angle and orientation, attachment sites, as well as spatial relationships between tissue structures.
Further studies validating PMA staining in muscle and tendon are ongoing. These include histological sectioning to confirm staining of the specific connective tissues, and crossvalidation of quantitative volume measurements using a micro-volumeter. Now that high fidelity imaging is available, another challenge going forward is to remove these joints in a way that minimizes distortions in the morphology of the relevant tissues within a joint.
Contrast-enhanced imaging of individual adipocytes
Osmium tetroxide (OsO 4 ) has been used as a fixative to prepare samples for electron microscopy since the mid-1900s (67) . OsO 4 reacts with olefinic sites of unsaturated fats in biological specimens to form stable osmium-containing esters (68, 69) . Osmium is highly radiodense and clusters of OsO 4stained lipids, such as those within the adipocyte, are readily imaged with CT. This was recently applied to the study of bone marrow adipose tissue using microCT to analyze skeletal fat content in 3D (70, 71) . However, the resolution of microCT is insufficient to quantitatively analyze single cells.
NanoCT-based analyses of OsO 4 -stained bone or tissue fragments allow imaging of single adipocytes with minimal tissue disruption in a non-destructive manner. Quantification of adipocyte size at the cellular level provides a measure of glycerolipid breakdown, fatty acid release and thus metabolic activity in response to genetic, nutritional or other experimental manipulations. Documented differences in cell size and lipid content can then be used to inform metabolic analyses of the whole adipose tissue. NanoCT is especially useful for analysis of small, complex samples with limited numbers of adipocytes, such as mouse bones (Figure 13 ). However, the same principle can also be applied to whole adipose tissue and has been used successfully in samples from mice and rats. To confirm the potential utility of nanoCT for 2D adipocyte size quantification, we compared the adipocyte size distribution of adjacent pieces of rat inguinal subcutaneous adipose tissue using conventional histology (72) and OsO 4 /nanoCT (Figure 14) . The exact protocols for adipocyte size quantification are still in development, but we have found that using the nanoCT to generate images for 2D analysis closely mimics our results with conventional paraffinembedded histology (72) (E.L.S. unpublished). This ''digital histology'' approach uses image analysis software to determine the area of the adipocytes based on the size of their radiodense, OsO 4 -stained lipid droplet. Unlike serial sectioning of paraffin blocks, the nanoCT can generate thousands of 2 micron thick slices in a short time period that requires minimal input from the operator. These images can be easily related back to landmark structures, such as the proximal growth plate in mouse tibia, to standardize the region of analysis. Analysis time for one sample ranges from as little as 10 min to up to 30 min, depending on the number of adipocytes and how closely packed they are. In addition, the nanoCT can successfully image OsO 4 stained adipocytes of a large size range (e.g. 200 to 20 000 mm 2 ). The dense accumulation of osmium in the unilocular adipocytes makes them easy to distinguish from the decalcified bone, marrow or tissue matrix. Decalcification of the bone prior to OsO 4 staining facilitates maximal stain penetration and is necessary for accurate assessment of adipocyte volume with thresholdbased microCT (70) . To calculate trabecular or cortical bone parameters, the samples can be scanned by CT prior to decalcification and OsO 4 staining. The two scans (one nondecalcified/unstained, one decalcified/OsO 4 stained) can be overlaid as needed to compare the bone and adipocyte regions. We have thus far applied the same rationale to nanoCT-based marrow adipose tissue analysis; however, it It should be noted that the cell sizes by paraffin-based histology were slightly smaller, likely due to the multiple ethanol processing steps required. Alternatively, the osmium tetroxide may have caused swelling of the cells. However, osmium tetroxide staining at neutral, buffered pH should minimize any tissue distortion. There is precedence for the use of OsO 4 -stained adipocytes for cell size quantification (73) (74) (75) . The OsO 4 reaction is highly dependent on the pH of the osmium staining solution (67) . At a pH above 8.0 or below 5.0, swelling and vacuolation of the lipid droplets readily occurs (67) . The best results are obtained in a buffered staining solution of pH 7.3-7.5 (67) . To minimize changes in cell size while allowing for extended storage prior to analysis, we fix isolated adipose tissue or bone in 10% NBF for 72 h. The tissue can then be stored in Sorensen's phosphate buffer (pH 7.4) for at least several weeks prior to OsO 4 (Polysciences Inc., Warrington, PA) staining (1% solution, pH 7.4, 48 h). After staining, the sample is stable for at least 30 days in Sorensen's phosphate buffer. The nanoCT scan time for one OsO 4 -stained adipose tissue sample is 73 min. To increase throughput, multiple adipose tissue samples can be stacked and imaged in one scan. Also, since the samples are stable in the buffer, they can be stacked and a multi-scan can be set up overnight, which can image at least six samples.
In the future, we intend to develop appropriate protocols for accurate 3D image analysis to obtain the volumes of the individual adipocyte lipid droplets, instead of just the crosssectional area. OsO 4 -staining, combined with nanoCT, could also be used to measure lipid accumulation in non-adipose tissues, such as liver and muscle. In addition, OsO 4 can differentially stain multiple tissues, such as muscle and adipose tissue, and with the combined perfusion of vasculature with another radio-opaque contrast agent, we can image three tissue types simultaneously (Figure 15 ).
Limitations and software challenges
Although significant advances in hard-and software technologies have facilitated the acquisition of large (human proximal femur) and small (young mouse femur) imaging sets, the ability to quantitatively assess the acquired data sets is still underdeveloped. A standard scan of mouse long bones generates an image-volume that is around 10 GB in size. A single specimen scanned in the nanoCT, using both multi-scan and the virtual detector, can generate imagevolumes as large as 200 GB in size. Large amounts of data storage space are needed, even for a single study. Computers require multiple, high-end graphic cards as well as large amounts of memory to reconstruct the generated images into 3D volumes. The recommended system memory should be more than twice the size of the largest data set. The optimal size of memory can be calculated based on the size of the volume, the size of one projection and the number of projections. Analyses of such large data can also be problematic. The software capabilities of analyzing a 3D volume or a 2D stack of more than a few hundred slices are limited, and piecewise analysis of images in small sections is sometimes necessary.
With the use of contrast agents to aid in the imaging of multiple tissues simultaneously, specialized software tools are needed. The ability to segment, for example, individual muscle fascicles, muscle from tendon, or adipose tissue from bone and other connective tissue, can be extremely powerful. Similar tools have already been applied for automatic segmentation of cortical and trabecular bone, which can be optimized for other connective tissue (76) . In addition, image processing algorithms have been applied to CT data sets in the medical field (77, 78) , and can most likely be transferred to other disciplines with little difficulty. While automatic segmentation algorithms are very useful, they generally require experienced programmers to tailor project-specific segmentation schemes.
Future directions
Biomechanical imaging, that is, the combination of timelapsed CT imaging and concurrent mechanical testing, introduced by Muller et al. (79) , enables the study of bone failure initiation and microcrack propagation. This imageguided failure assessment can be applied to soft tissues, namely tendons and ligaments, with the combination of contrast agents. Our ongoing work focuses on coating ligament fibers with a metal-containing contrast agent in large animal and human specimens to image the relative displacement of the individual constituents of the ligament structure in 3D while under mechanical load.
In addition, our future work will focus on fabricating nanoparticles containing heavy metals for the directed targeting and imaging of specific cells. Similar cell-labeling techniques have been applied to synchrotron microCT (80) and can thus be applied to nanoCT imaging. Lastly, we plan to optimize contrast enhancement techniques with nanoCT for the quantification of cartilaginous tissue. Our ongoing work employs a microCT technique developed by Palmer et al. that relies on the equilibrium partitioning of an ionic contrast agent (EPIC-microCT). This contrast enhancement technique relies on the preferential exclusion of a negatively charged contrast agent from the highly negatively charged sulfated glycosaminoglycan (sGAG)-rich tissues, such as articular cartilage. Preferential exclusion results in an increase in tissue attenuation inversely proportional to sGAG concentration. It has been successfully applied to the imaging of articular cartilage in mouse and rat femora (81) (82) (83) (84) (85) (86) (87) , cartilage in murine xiphoid (88) , caprine osteochondral defects of the talus (89), and more recently, in rabbit intervertebral discs (90) .
Conclusion
The use of nanoCT imaging is opening new avenues toward precise characterization and quantification of tissue microarchitecture. Developments in imaging capabilities have shifted the way the scientific community structures research questions, and further improvements in imaging quality will continue to shift scientific focus. The combination of nanoCT and contrast agents for contrast enhanced-CT imaging could increase the efficiency of science and provide information complementary to standard histology methods with quick acquisition of data and semi-or fully automatic quantification. The combination of nanoCT and contrast enhancement techniques allow for imaging virtually all connective tissues ( Figure 16 ). Figure 16 . Hierarchical nanoCT imaging enables the measurement of qualitative and quantitative data from organ (femur) to structural (trabeculae), tissue (vascularity) and cellular (lacunae voids and adipocytes) levels at various resolutions, with and without the aid of contrast agents.
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